To synthetically realize the character of major-element compositions as well as its significance for provenance and paleoenvironment recorded in core sediments of the West Philippine Sea over the last 700 ka, grain size and major elements of 221 bulk sediments, together with major-element compositions in the detrital phase of 16 typical samples, in core MD06-3047 collected from the Benham Rise were analyzed. Both discrimination plot and R-mode factor analysis indicate that vertical changes of major elements are mainly controlled by the sedimentation of nearby volcanic matter and the eolian dust input, whereas influences from marine biologic deposition and hydrothermal activity are minor. In particular, Al 2 O 3 and K 2 O are representative of an eolian dust factor. The variation in the eolian dust factor score is characterized by the obviously glacial-interglacial periodicity and can be well compared with the paleotemperature record of the Antarctic ice core and the evolution of the East Asian winter monsoon (EAWM) recorded in the Chinese loess sequence, and then offers a new proxy for the evolution history of eolian dust input into the study area that is controlled by the EAWM intensity and aridity in the continental source regions of atmospheric dust. major elements, provenance, eolian dust, East Asian winter monsoon, West Philippine Sea Citation:
The Philippine Sea is a large deep-sea in the West Pacific where geologic setting is complex. The Philippine Plate is located between the Eurasia Plate and the Pacific Plate and has important influence on the southeast Chinese continent and Philippines. Besides, the globally famous warm current (i.e. the Kuroshio Current) also originates from the West Philippine Sea (WPS). The geologic significance of the Philippine Sea began to be recognized by global scientists in 1970s. Since then, six cruises of DSDP and ODP have been carried out on this sea. However, besides the past researches of DSDP and ODP with generally large time scale (i.e. tectonic scale), synthetically geochemical work on core sediments of the WPS with relatively high time resolution is still scarce [1, 2] .
The East Asian monsoon is one of the major components of global climate system, which is driven by differential heating between the West Pacific Warm Pool and the Asian continent, and is characterized by seasonal switch in wind direction, precipitation, and runoff [3] . During winter months, low temperatures over the Asian continent induce the development of a high-pressure cell over the North Asia. This produces cold and dry winds blowing from the central Asia to the West Pacific [3, 4] . Over the last several decades, many scientists have attempted to discuss the EAWM evolution and aridity of the inner Asian continent recorded by the Chinese loess sequence as well as eolian dust fraction in marine sediments of the South China Sea, North Pacific, and even tropical Pacific [5] [6] [7] [8] . Among them, majorelement indices are still rare. As to the Philippine Sea, although the eolian dust input from the inner Asian continent has been deduced to influence sediment compositions and sea surface nutrients therein based on different indices including clay mineralogy, geochemistry, and pollen [1, 2, [9] [10] [11] , whereas the lack of high resolution chronology in the previous studies seriously restrict their progresses. Particularly, the evolution history of eolian dust input into the source area of the Kuroshio Current during the late Quaternary still remains unresolved at present.
Previous researches demonstrated that major-element compositions, chemical phase of element existence, and R-mode factor analysis were useful research aspects in reflecting the origin, provenance, and transport path of marine sediments [1, [12] [13] [14] [15] . Based on synthetic analyses of major-element contents of 221 bulk sediments and detrital phase of 16 typical samples, combining with our previous work on surface sediments of the East Philippine Sea (EPS) [9, 12, 15] , the present study aims to reveal the general character of major elements in core samples of the WPS, and then the better understanding on sediment provenance as well as its paleoenvironmental significance.
Materials and methods

Geological setting and samples
A Calypso core (MD06-3047), 8.9 m long, was taken from the Benham Rise, east off Luzon Island (17°00.44′N, 124°47.93′E) at a water depth of 2510 m during the joint Chinese-French Marco Polo 2 Cruise in 2006. For the obstruction effect of the Kuroshio Current (from south to north) and scattered deep trenches (rifts) nearby, adding the long distance of the study area away from continents and large islands, therefore very few riverine materials from the Chinese continent and Japan can be carried to the study area [1, 2, 9, 10] .
Core MD06-3047 is composed of yellowish silty mud with obvious black volcanic ash layers. It contains continuous sedimentation with no obvious gap or abrupt interruption. For the study core is located above the lysocline (3400 m) therein, carbonate is well preserved in the study core [16] .
Methods
A total of 357 samples were dried at 50°C. After drying, each sample was treated with 5% hydrogen peroxide to oxidize organic matter and then washed through a 63 μm sieve to recover the benthic foraminifera tests. Oxygen isotopes of foraminifera tests were measured on a GV IsoPrime mass spectrometer in the Key Laboratory of Marine Geology and Environment, Institute of Oceanography, Chinese Academy of Sciences (KLMGE, IO, CAS). Analyses were carried out on samples containing 3-8 specimens of the benthic foraminifer C. wuellerstorfi (>300 μm). The analytical precision was better than ±0.08‰ for δ 18 O. Calibration to PDB was performed using NBS19 standard.
Besides, 221 samples generally with 4 cm intervals were oven dried at 50°C and then powdered to below 200 meshes. Each powdered sample was completely digested and analyzed for contents of major elements, typical minor elements (V and Cd), and rare earth elements (REE) using an Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES) and an ICP-Mass Spectrometer (ICP-MS) in the Central Laboratory, Institute of Geophysical and Geochemical Exploration, Chinese Academy of Geological Sciences (CL, IGGE, CAGS). The analytical precision and accuracy were monitored by national geostandard GSD9. Differences between the determined and certified values were less than 4%.
Sequential extraction on chemical phase of element existence was made with the method simplified from Xu et al. [9, 12] . Here, the bulk compositions were divided into the detrital phase and non-detrital phase (including pore water, adsorption, carbonate, ferromanganese oxide, and organic phase mentioned by Xu et al. [9, 12] ) with hydrogenetic/biogenic origin using different reagents (deionized water, NaAc, HAc, NH 2 ·OH·HCl, and HNO 3 ·H 2 O 2 ) [9, 12] . The recovery rate for main major elements with detrital origin (e.g. Fe, Mg, and K) in the study sediments was generally within 95%-105%. Compositions of major elements in the detrital phase of 16 samples collected from typically glacial-interglacial periods were measured with an ICP-OES in the CL, IGGE, CAGS with precision better than 3%.
Furthermore, we carried out grain size measurement on all samples used for major-element analysis, except a sample used up. Each sample was pretreated to remove organic matter and carbonate. The analysis was performed on a Cilas Particle Size Analyzer (Cilas 940L) in the KLMGE, IO, CAS. The used apparatus accounts for grains in the 0.5 to 2000 µm range with reproducibility better than 2%.
Results
The applied age model in this study was obtained by comparing our δ 18 O curve for the benthic foraminifer C. wuellerstorfi with the standard LR04 δ 18 O stack ( Figure 1 ) [17] . The last appearance datum of G. ruber (pink) appeared at the depth of 160 cm with a known age of 120 ka in the West Pacific was also used [18] . Therefore, the study core spans Marine Isotope Stages (MIS) 1-17, thus recording the paleoceanographic history of the last 696 ka with an average time resolution of 0.78 ka/cm. Besides, the validity of this chronology has also been confirmed by identification results on calcareous nannofossil bioevents [16] .
A summary of compositions of major elements of the present core sediments and related materials is listed in Table 1. Contents of Na 2 O, MnO, and P 2 O 5 fluctuate widely without obvious change trend with depth in the study core. Whereas other major elements of these samples are all characterized by clear glacial-interglacial periodicity (Figure 2) . Under a condition of 80% cumulated variance in R-mode factor analysis, four factors, including F1, F2, F3, and F4, which are characterized by different associations of major elements were obtained using SPSS11.0 software ( Table 2) . Varimax rotation was applied to get typical factors under the precondition of eigenvalue higher than 1. The cumulated variance of these four factors together accounts for 83.95% of the total variance in the sediment properties (Table 2) , indicating the validity of the present analysis [14, 15] . From analysis results of chemical phase of element existence for 16 typical samples, we can see that most major elements (Al, Fe, Mg, K, and P) concentrate in the detrital phase, with the lowest average value of 76.1%; while Mn and Ca are enriched in the non-detrital phase with hydrogenetic/biogenic origin, with very low average values of 36.0% and 14.9% in the detrital phase, respectively (Table 3) .
Discussion
Major-element compositions and typical element ratios
Compared with major-element compositions of nearby sediments in the EPS and global reference materials including UCC and PAAS, those of core MD06-3047 sediments show deep-sea sedimentation character (Table 1 ) [15] . From studies of major-element compositions of core sediments in the WPS and surface sediments in the EPS, nearby volcanic matter and eolian dust from the inner Asian continent have been deduced to be two main provenances of them [1, 12, 15] . From Table 1 , we can also see that contents of most major elements in core MD06-3047 sediments are dominantly located between those of nearby volcanic matter and eolian dust.
Al element in marine sediments mostly exists in aluminosilicate minerals with detrital origin and is relatively stable in the sedimentation process, but is not involved in biological medium in general. Analysis results of chemical phase of element existence for 16 typical samples also indicate that Al mainly concentrates in the detrital phase with an average value of 88.2% (Table 3) . Hence, the element normalization to Al can be used to study the material source and elemental change in marine environment, compensating the influence of mineralogy and grain size [15, 25, 26] . In fact, poor correlations are presented between Mz and contents [19] Nearby volcanic matter [20] [21] [22] Eolian dust [23, 24] Average SD of nine major elements of core MD06-3047 sediments (Figure 2) , excluding grain size as an important factor for controlling major-element compositions of the study samples. Combined metal ratios (e.g. Fe/Al ratio and V/Al ratio) have been successfully used to identify the origin of marine sediments in the West Pacific [15, 25, 26] . Using possible source materials, core MD06-3047 sediments can be examined based on these two variables [26] . As shown in Figure  3 , most of the study sediments are located between Luzon volcanic matter and eolian dust. Meanwhile, the average Fe/Al ratio of the study samples (0.57) is also in the range of eolian dust (average 0.44) and nearby volcanic source (Luzon, average 0.62) [20, 21, 23, 24] . However, the possibility of biologic matter as one of the main sediment provenances of the study major elements could be preliminarily excluded, as approved by its obviously different average Fe/Al ratio of 1.56 from the present work [25] . Besides, analysis results of chemical phase of element existence also indicate that the non-detrital phase (e.g. carbonate and organic matter) is only contributing to limited major elements including Mn and Ca (Table 3) . REE have been well accepted as reliable provenance tracers because they are large terrigenous components reflecting their sources in the Philippine Sea sediments. However, biologic materials (e.g. carbonate) only have minor contributions to bulk REE compositions therein [9, 12] . The PAAS-normalized REE patterns of core MD06-3047 sediments clearly show characteristics of light REE (LREE; from La to Eu) depletion, heavy REE (HREE; From Gd to Y) enrichment, and positive Eu anomaly (Figure 4) . Furthermore, the study sediments have very similar character of LREE depletion to typical Luzon volcanic matter with comparable age range (Figure 4 ), indicating that nearby volcanic matter should be the main provenance of the study sediments [9, 12] . Another possible source, i.e. Chinese loess, is characterized by generally flat REE pattern and a little similar HREE contents to the study core, indicating its less REE contribution to the study samples (Figure 4) . Among the possible provenances of the Philippine Sea sediments, only nearby basaltic rocks are characterized by positive Eu anomaly, whereas Chinese loess is neutral. Therefore, the positive Eu anomaly character in the present sediments should be interpreted as the influence from nearby volcanic input again [9, 12] . In particular, REE can be used for quantitatively estimating the influence of eolian dust from the Asian continent as well as the contribution of locally basaltic detrital matter to pelagic sediment in the North Pacific [27] . Accordingly, eolian dust proportion of the top sample of core MD06-3047 is estimated to be 27.5%, and then its mass accumulation rate (MAR) is calculated to be 143.2 mg cm −2 ka −1 (Xu, unpublished data). Based on strontium isotopic compositions of a nearby surface sediment to the study core (NGC8 at 16°19.76′N, 137°59.30′E) and the related formula for provenance end-member calculation [2, 28] , its eolian dust content is calculated to be 26.4%, which is very consistent with the present study. As to eolian dust MAR of the top sample of core MD06-3047, it is located within the range of MAR for mineral aerosol in the study sea (100-1000 mg cm
), too [29] . In sum, the above discussion confirms that nearby volcanic matter and eolian dust are two dominant provenance end-members of core MD06-3047 sediments, which is also consistent with our pervious conclusions got from studying on surface sediments in the EPS [9, 12, 15] . Among these two end-members, volcanic matter on Luzon with location in the west of the study area might be transported here through riverine input and/or oceanic current [30, 31] , whereas that on KPR and MR located in the east could be carried to the study area by the westward-flowing current (North Equator Current) [9] . For example, Luzon, the largest Figure 4 Comparison of the PAAS-normalized REE patterns of core MD06-3047 sediments with volcanic matter of northern Luzon [22] and southern Luzon [21] as well as Chinese loess [23, 24] . island of Philippines, is an intermediate-basaltic volcanic and tectonically active island characterized by high relief, heavy rainfall (annual total precipitation of 1900-2100 mm), and warm temperature (23-34°C; http://www.worldweather. org). Therefore, strongly chemical weathering process of volcanic matter should exist in Luzon, such as a presently moderate-intensive chemical weathering degree of clay size (<2 µm) sediments in its rivers [32] . Thus produced fine volcanic matter might be carried to the study area in suspended form [31] . As to eolian dust sourced from the aridity areas of the Asian continent, it could be transported here by the EAWM [9] [10] [11] .
R-mode factor analysis
Synthesizing the above characteristics of major elements and source discrimination results, the study sediments are deduced to mainly result from nearby volcanic matter and eolian dust that both have detrital origin. To further validate our deduction on sediment provenance, R-mode factor analysis of major elements in 221 samples was performed.
F1, the largest one among four extracted factors, accounts for 34.84% of the total variance, indicating its most important contribution to major-element compositions of the study core sediments. It is composed of TFe 2 O 3 , MgO, and TiO 2 with all positive loads. Fe, Mg, and Ti are relatively stable in the sedimentation process and concentrated in volcanic matter (e.g. basalt on Luzon, KPR, and WMR) [20] [21] [22] , as approved by their enrichment in the detrital phase of core MD06-3047 sediments with average values all higher than 87.6% (Table 3 ). Combining our above analyses in the present study and previous research results on surface sediments of the EPS [15] , the association reflected by F1 is of volcanic nature (i.e. F1 is a volcanic factor). This can be further confirmed by the obvious enrichment of these elements in nearby volcanic matter than those in core MD06-3047 sediments and another main provenance end-member, namely eolian dust (Table 1) [30] . For eolian dust from the Asian continent is the main source of illite in the Philippine Sea [10, 30] , and then F2 should be an eolian dust factor. Besides, downcore changes of F2 score, Al 2 O 3 content, and K 2 O content are positively correlated with that of eolian dust proportion estimated from REE data, with correlation coefficients all higher than 0.49 (Xu, unpublished data). As to surface sediments in the EPS, similar factor (i.e. F2) only accounts for 14.79% of the total variance, much lower than the present study, indicating the higher contribution of eolian dust to the study area than that to the EPS. This is consistent with the farther distance of the EPS from the continental source regions of atmospheric dust and then weaker influence from eolian dust [5, 9, 10, 30] . Notably, F2 includes CaO with negative load, indicating the possible dilution effect of carbonate [15] . F3, the third largest one among four factors, accounts for 10.45% of the total variance, and is characterized by the association of Na 2 O and P 2 O 5 with both positive loads. According to previous research results on related marine sediments, a strong Na 2 O signal has widely been used as an indicator of volcanic event, while the latter might be offered by biologic organism [13, 15] . Therefore, this factor should reflect co-influences from nearby volcanic action and biologic effect.
F4, the smallest one among four extracted factors, only accounts for 7.85% of the total variance. It is characterized by MnO with positive load. Mn has been deduced to be closely associated with hydrothermal activity [13] , or a typical autogenic element resulting from early diagenesis [14, 33] . From the generally small fluctuation range of MnO content as well as the disappearance of obvious enrichment-depletion interface in the study core (Figure 2) , adding its dominant occurrence in the non-detrital phase (average 64.0%) with hydrogenetic origin (Table 3) , we can conclude that F4 characterized by MnO is a hydrothermal factor. Poor correlations between Mn and other redox sensitive indices (e.g. Fe, Cd, and Ce anomaly) [9, 12, 33] , with very low correlation coefficients of 0.02, 0.04, and 0.17, further exclude Mn as a redox sensitive element in the study core sediments.
Therefore, major-element compositions of core MD06-3047 sediments are deduced to mainly derive from nearby volcanic matter and eolian dust with both detrital origin. However, influences from biologic effect and hydrothermal activity are minor.
Paleoenvironmental implication of the eolian dust factor
One typical effect of the evolution of the East Asian monsoon is physical weathering in the continental source regions, and thus the supply of eolian dust to the seabed. In detail, the EAWM enhancement corresponds to strengthened aridity and physical weathering in the continental source regions of atmospheric dust, leading to higher proportion of eolian dust in marine sediments of the sink areas (e.g. North Pacific and marginal seas of the West Pacific), and vice versa. Recently, R-mode factor analyses of major-element compositions have been successfully used to probe into the fluvial contribution to marine sediments in the South China Sea and consequently the related evolution of the East Asian summer monsoon (EASM) [14] , whereas similar work on discussing the eolian dust input to marine sediments driven by the EAWM is still absent.
With the similar latitude and dominant monsoon system (i.e. the East Asian monsoon) to the South China Sea [4] , adding its remoteness to the Asian continent and then weaker contribution from fluvial matter than the latter, the WPS should also be an ideal location for studying the evolution history of eolian dust input to marine sediments as well as its response to both aridity of the continental source regions and the EAWM intensity [9, 10] . As to core MD06-3047 sediments, loads of typical components (i.e. Al 2 O 3 and K 2 O) of the eolian dust factor (F2) are both positive, so an increase or decrease of F2 score should mean an increase or decrease of the eolian dust contribution to the study sediments, and thus enhancement or weakening of aridity in the continental source areas and intensity of the EAWM. From Figure 5 , we can easily find the obviously glacial-interglacial periodicity of the eolian dust factor score of core MD06-3047 sediments, which is perfectly matched with Figure 5 Comparison of the eolian dust factor score of core MD06-3047 sediments with oxygen isotopes of benthic foraminifera of the same core, medium grain size (Md) of the Baoji section, Chinese Loess Plateau [34] , and δD of the EPICA Dome C ice core, Antarctica [35] .
that recorded by oxygen isotopes of the benthic foraminifera tests. The eolian dust contribution to the study sediments increased during glacial periods, indicating temporally colder weather and enhanced aridity in the continental source regions of eolian dust as well as strengthened intensity of the EAWM. In contrast, warmer and wetter conditions in the continental source areas of atmospheric dust, together with temporally weakened EAWM intensity, led to less eolian dust input to the WPS sediments during interglacial periods. We thus conclude that the evolution of the EAWM was controlled by the glacial-interglacial cycles.
Chinese loess, deep-sea sediment, and polar ice core have been globally accepted as three backbones for paleoenvironmental research [5] [6] [7] [34] [35] [36] . The Chinese loess sequences are characterized by fine grain size, high sedimentation rate, and good continuity, and thus one of the best continental recorders of paleoenvironmental evolution during the late Cenozoic. Polar ice cores can provide the most direct and high time resolution record of atmospheric change in the late Quaternary. To further validate the creditability of the eolian dust factor score got in the present study for indicating the EAWM evolution, we compared our results with Md value of the Baoji section, Chinese Loess Plateau, and δD value of the EPICA Dome C ice core, Antarctica ( Figure 5 ). Lower Md value of the Baoji loess sequence indicates coarser grain size and then stronger EAWM intensity, while lower δD value of the EPICA Dome C ice core corresponds to drier and colder weather. Comparison results clear show the good coherence of their change trends, all characterized by the obviously glacialinterglacial periodicity ( Figure 5 ). In the nearby South China Sea, the periodic fluctuation of the terrestrial factor score since ~600 ka also indicated that the glacial-intergla-cial cycles have been the main force driving the evolution of the EASM [14] . Besides, the EAWM intensity has been obviously strengthened since 600 ka, which is reflected by the higher eolian dust factor scores during glacial periods after MIS 14 than those of MIS 16 in the study core ( Figure 5) . Similarly, the MAR values of eolian dust both in the North Pacific and the Chinese Loess Plateau over the last 600 ka are the highest in the late Cenozoic [5, 36] , suggesting that the arid environment in the Asian continent as well as the enhanced EAWM had formed before 600 ka. Notably, almost each peak of these different indices can be well compared, as indicated by the shadow areas in Figure 5 , such as the co-appearance of higher F2 score, heavier δ 18 O ratio, and lower δD value in the middle of MIS 5 period (~MIS 5d) as well as the corresponding of three peaks of them in MIS 8 stage. The discussion mentioned above all prove the validity of the eolian dust factor score here for studying the EAWM evolution and aridity in the continental source regions of atmospheric dust, which might shed light on solving some key problems appeared during the previous scientific researches in the nearby areas (e.g. whether the formation mechanism of diatom mats found in the EPS is closely correlated with the eolian dust input from the Asian continent). However, there are still some differences among our eolian dust factor score and other proxies including benthic δ 18 O curve, Md value of the Chinese loess sequence, and δD value of the Antarctic ice core (Figure 5 ), possibly because of their different sample resolution and local control factors. In fact, more differences among variations of these indices are found in MIS 1 (four samples), MIS 2 (six samples), and MIS 4 (four samples) periods with lower time resolution in the study core ( Figure 5 ).
Conclusions
Based on the comprehensive researches of composition, elemental occurrence phase, and R-mode factor analysis for major elements, together with typical element ratio and PAAS-normalized REE pattern, of core MD06-3047 sediments, their significance for sediment provenance and paleoenvironmental record in the WPS over the last 700 ka were examined. The main conclusions we have drawn are summarized as follows:
(1) Nearby volcanic matter and eolian dust from the Asian continent are two dominant provenance end-members of the study samples.
(2) R-mode factor analysis results indicate that two main major-element groups F1 (TFe 2 O 3 , MgO, and TiO 2 ) and F2 (Al 2 O 3 and K 2 O) are representative of a volcanic factor and an eolian dust factor, respectively. As to the left two major-element groups, including F3 (Na 2 O and P 2 O 5 ) and F4 (MnO), correspond to two minor factors affected by nearby volcanic action, biologic effect, and hydrothermal activity.
(3) The variation in the eolian dust factor score is characterized by the obviously glacial-interglacial periodicity, reflecting the change in the contribution of eolian dust to the study sediments and then recovering the evolution processes of aridity in the continental source regions of atmospheric dust and the EAWM intensity. Good comparison of the present work with oxygen isotopes of benthic foraminifera of the same core, grain size of the Baoji section, Chinese Loess Plateau, and δD of the EPICA Dome C ice core, Antarctica further has proved the validity of the eolian dust factor score as a new proxy for studying the eolian input into the WPS as well as its driving mechanism.
